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h i g h l i g h t s
• Protrusion of Mach stem is induced by a wall-jet behind it.
• High temperature effects intensify Mach stem protrusion.
• The mechanism is increase of energy buffer enhances wall-jet but weakens Mach stem.
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a b s t r a c t
The influence of high temperature effects on the protrusion of Mach stem in strong shock reflection over
a wedge was numerically investigated. A two-dimensional inviscid solver applies finite volume method
and unstructured quadrilateral grids were employed to simulate the flow. Theoretical analysis was also
conducted to understand the phenomenon. Both numerical and theoretical results indicate a wall-jet
penetrating forward is responsible for the occurrence of Mach stem protrusion. The protrusion degree
seems to depend on the thermal energy buffer capacity of the testing gas. Approaches to increase the
energy buffer capacity, such as vibrational relaxation, molecular dissociation, and increase of frozen heat
capacity, all tend to escalate the protrusion effect.
© 2016 The Author(s). Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).SMach stem is normally treated as a straight shock perpendicular
to the reflected wall in theoretical considerations of Mach
reflection. It is however not always the case in reality. Protruding
Mach stemhas been experimentally discovered bymany [1–4]. The
protrusion not only makes the post-shock flow state deviate from
the classical theoretical prediction, but also may fail the general
transition criteria of reflection types. Recently, the phenomenon
was also considered responsible for the shock bifurcation of
cellular detonationwave [5,6]. The protrusion ofMach stemmainly
occurs under the condition of strong incident shock and low
specific heat ratio of gas [7]. By numerical simulation, Glaz et al. [8]
discovered the wall jet-vortex rollup interaction structure which
appears to integrate with the protruding Mach stem. Their results
also implied that the thermochemical non-equilibriumeffect tends
to intensify the interaction and therefore to escalate the protrusion.
Li and Ben-Dor [9] analyzed the interaction between wall-jet and
Mach stem and proposed an analytical model to calculate the
flow field associated with corresponding wave patterns. Detailed
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investigated by Vasilev et al. [10]. In the works of Li and Vasilev,
nevertheless, the flow was considered thermo-chemically frozen
and only mild Mach stem deformation was concerned. How the
high temperature effect promotes Mach stem protrusion as well
as the mechanism behind it has not yet been well understood.
Therefore in this study, we carry out numerical tests on the
Mach reflection of a strong moving shock over a wedge that
has a protruding Mach stem, in which vibrational relaxation and
chemical reactions are taking into account and their separate
contributions are analyzed.
The numerical simulation is two-dimensional and inviscid.
Dissociation chemistry and vibrational relaxation process of air
molecules are built in with Gupta’s 5-species chemical kinetic
model [11] and Park’s two-temperature model [12], respectively.
The flow is simulated with finite volume method based on
unstructured quadrilateral grids. Monotone upstream-centered
schemes for conservation laws (MUSCL)-Hancock scheme [13]
is employed to solve the parabolic part of the conservation
equations, where the numerical fluxes are evaluated with a hybrid
high level language (HLL)-high level language companion (HLLC)
scheme [14]. The pure thermochemical sources are integrated
with a mature ordinary differential equation (ODE) solver —
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Fig. 2. Distribution of scaled density along the wedge surface.
‘‘VODE’’, and join the parabolic part by fractional splitting method.
Mesh adaptive technique is applied to accomplish a decent
computational accuracy economically.
The computational zone and the initial grids are shown in
Fig. 1. Floor and wedge surfaces are set as adiabatic slip walls,
other boundaries are non-reflecting openings. The wedge angle
is 35◦. By 6 levels of adaptive mesh refinement, the grid size in
regions of large density gradient may reach a minimum of 18 µm,
i.e., 1/7000 of wedge length. The initial temperature and pressure
of the undisturbed flow are 293 K and 0.05 atm, respectively.
Taking a test case from Ref. [8] for code validation, as plotted in
Fig. 2, it appears that the scaled density along the wedge surface
between numerical result and experimental data agrees well.
High temperature effects were known to have significant
influences on the flow [8]. To distinguish their particular influence,
four gas models are tested, as listed in Table 1.
By varying the incident shock Mach number (Ms) and gas mod-
els, two types of typical flow patterns are observed. Representa-
tives are shown in Figs. 3 and 4 (temperature contours). The view
zone of the two figures is marked in Fig. 1. The basic wave systems
of the two cases are both of double Mach reflection. Region (0) de-
notes the undisturbed flow. Region (1) denotes the flow behind the
incident shock. Region (2) and region (3) are the flows behind the
primary reflected shock (T–T′) and the primary Mach stem (T–G),Table 1
Gas models.
No. Gas models Dissociation
1 Frozen Off
2 Thermal non-equilibrium Off
3 Thermal equilibrium Off
4 Thermochemical non-equilibrium On
Fig. 3. Temperature contours of a DM-WR flow (Ms 9, θw 35◦ , frozen flow).
Fig. 4. Temperature contours of a TM-WR flow (Ms 9, θw 35◦ , thermochemical non-
equilibrium flow).
which are separated by a slip line (T–D). And region (5) and region
(4) are the flows behind the secondary reflected shock (T′–D) and
Mach stem.
The two reflection types share a few common features. First, a
jet is generated around the intersection of slip line and wedge sur-
face. The jet shoots forward along the surface and finally rolls up
to form a vortex. Second, disturbed by the vortex, the lower part
of the Mach stem protrudes as an arc, with the root of it keeping
perpendicular to the reflecting wall. The difference mainly lies in
the connection between the protruding part of the Mach stem and
the rest. Figure 3 presents a whole piece of smoothly curved Mach
stemwith no obvious conjunction, while in Fig. 4 a new triple point
is formed in the middle. Following the definition of Semenov [4],
the former reflection is referred as double Mach–White reflection
(DM-WR) and the latter as triple Mach–White reflection (TM-WR).
A non-dimensional parameter
f = 1x
h
(1)
is defined to characterize the protruding extent of the Mach stem,
where h denotes the height of the Mach stem and1x the distance
between theoretical and practical pedals of the Mach stem.
The protrusion parameter f resulting from four different gas
models are shown in Fig. 5 for comparison. It is found that the
boundary between DM-WR and TM-WR can be well depicted by a
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single f within the current testing range. That is, TM-WR generally
happens when f exceeds 0.15, no matter what the gas model is.
Gas models 1–3 consider only the difference of vibrational
relaxation, but not dissociation. Clearly, thermal equilibrium flow
always leads to a larger f than frozen flow. The protruding extent
almost doubles. For thermal non-equilibrium flow, as expected,
the deformation degree is between those of frozen and thermal
equilibrium. When the incident shock Mach number is small,
the Mach stem protrusion in thermal non-equilibrium flow is
close to that in frozen flow. With the increase of shock Mach
number, it approaches gradually towards the thermal equilibrium
case. This is because the vibrational relaxation speed rises with
the temperature, and the gas behind a weaker shock wave takes
longer time to reach thermal equilibrium state, which is therefore
more likely to remain partially frozen when passing through the
reflection wave system.
Gas model 4 activates chemical reaction upon the basis of
gas model 2. As well, the chemical reaction intensifies the
protrusion of Mach stem. This effect becomes remarkable as the
incident shock Mach number goes higher than 7, for this is where
dissociation begins to massively occur behind the Mach stem and
a considerable amount of atoms (first oxygen then nitrogen) will
be produced afterward. The reason of dissociation escalating Mach
stem protrusion is to be explained later. At shock Mach number
8, the effect of dissociation seems to reach a maximum, after
which the protrusion parameter f suddenly levels. Overall, the
results indicate that the contribution of dissociation in Mach stem
protrusion can be comparable to that of thermal relaxation.
Given the complexity of the jet and vortex flow behind the
Mach stem, it is hard to predict the exact protruding extent.
However, the qualitative effect of protrusion and the dependence
of it may be estimated through certain calculations [9]. The wall-
jet is essentially driven by the pressure difference between regions
(3) and (5) (Figs. 3 and 4). Assuming isentropic jet, the velocity of
the jet flow relative to point D, Vjet, can be easily deduced. On the
other hand, theMach stem keeps drifting away frompointDwith a
knowable velocity, VDG. The theoretical protrusion degree then can
be expressed as the overriding degree of the jet,
fc = 1xh =
1x
α · xDG =
Vjet − VDG
α · VDG (2)
with α a constant geometrical coefficient. The larger the value of
fc is, the stronger the Mach stem protrusion is expected to be.
Dismissing α, we introduce a theoretical protrusion factor
d = Vjet − VDG
VDG
. (3)Fig. 6. Jet intensity along with the shock Mach number in different gamma and
equilibrium state conditions.
Figure 6 shows the d curves calculated with different gas
models. Because themomentumdissipation of jet and vortex is not
considered in above derivation, the theoretical results significantly
overestimate the protrusion extent. Despite that, the relativity and
the variation trend of d turn out to be in good agreement with the
numerical results of f in Fig. 5. This confirms the mechanism of
high temperature effects on the Mach stem protrusion lies in the
fundamental fluid dynamics associated with the thermodynamic
properties of gas.
The reason for the phenomenon is rather clear. The extra
energy absorption of vibrational relaxation and molecular dis-
sociation tend to weaken the strength of Mach stem. As a
reversed process, the release of the extra vibrational energy and
chemical energy stored in high temperature region (5) tends
to induce a stronger jet in region (3). Under the same mech-
anism, simply increasing the heat capacity of gas should lead
to a similar consequence. To demonstrate that, d for a higher
frozen Cp (gamma = 1.29) is calculated and plotted in Fig. 6. It
shows that higher heat capacity indeed causes a larger protruding
extent.
In summary, a numerical investigation of high temperature
effects on Mach stem protruding phenomenon is carried out.
Numerical results and theoretical analysis exhibit direct links
between the wall-jet and the protrusion of Mach stem. High
temperature effects including vibrational relaxation andmolecular
dissociation tend to escalate the protrusion. Increase of heat
capacity favors protrusion as well. The mechanism behind them is
essentially the same. There is a strength competition between two
opposite processes—the Mach stem compression and the wall-jet
expansion. The balance between them seems to greatly depend on
the buffer capacity of thermal energy. The larger the buffer capacity
is, the weaker the compression and the stronger the expansion
will be, and therefore the more severely the Mach stem will be
disturbed by the jet.
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